Abstract. Miniball is a dedicated Ge detector array which has been developed for the investigation of rare γ decays at the new radioactive beam facility REX-ISOLDE [1, 2] at CERN. The array is optimised for high full-energy peak efficiency and for high granularity needed to perform Doppler corrections of γ-rays emitted by fast moving nuclei. Miniball will finally consist of 40 six-fold segmented, encapsulated detectors which are clustered in eight cryostats with three detectors each and four cryostats with four detectors, respectively. It is shown that from an analysis of the pulse shapes and of the amplitudes of the mirror charges in the adjacent segments the effective granularity of Miniball can be enhanced from 240 to ≈ 4000. The properties of Miniball are compiled on the basis of experimental data. Examples of the first data measured with Miniball are presented.
The position sensitivity is achieved by a combination of segmented Ge detectors and pulse shape analysis of the detector signals [4] . Position sensitive detectors also are the ingredient of the new generation of γ-ray tracking spectrometers planned in Europe (AGATA [5] ) and the USA (GRETA [6] ). The principle of γ-ray tracking necessitates, in addition to the energy and time of each γ-ray, the recording of each interaction point within the position-sensitive detectors. The target is surrounded by a shell of 100-150 position-sensitive Ge detectors and utilising the kinematics of the Compton scattering, powerful tracking algorithms reconstruct the track of the γ-ray to decide whether or not the γ-ray was emitted from the target and if it was fully absorbed in the Ge shell. Such spectrometers will give several orders of magnitude improvement in resolving power compared to the most powerful spectrometers today (Euroball, Gammasphere).
Miniball is the first fully operational spectrometer which puts the new technology of position-sensitive detectors into action and uses segmented detectors and pulse shape analysis to determine the two-dimensional position of the first interaction of a γ-ray for Doppler correction. As Miniball is not capable of a full γ-ray tracking because the detectors lack segmentation in the depth, this spectrometer is dedicated to experiments with low γ-multiplicity as performed at REX-ISOLDE. But the experience and results of Miniball give a good idea about the feasibility of γ-ray tracking spectrometers as all the necessary technologies and techniques are employed for the first time.
SEGMENTATION AND PULSE-SHAPE ANALYSIS
Germanium detectors used in γ-ray spectroscopy usually have a quasi-coaxial geometry with a closed front end. High voltage is applied at the central electrode and signals can be detected at the outer electrode which is DC coupled to the preamplifier. The crystals of the Miniball detectors are similar, but the outer electrode is cut into six segments, each of which is DC coupled to its own field effect transistor (FET). A further signal from the core electrode is connected by AC coupling to a seventh FET (see figure 1) .
When a γ ray is completely absorbed in the active volume of the Ge crystal, the signal on the core electrode indicates the full energy, as with a conventional detector. Furthermore, by looking at the signals in the segments, we can determine what fraction of that energy was lost in each segment and thereby obtain the segment in which the interaction with the highest energy deposition (main interaction) occurred. By making the assumption that the main interaction is at the same position as the first interaction, we can use this information to refine our Doppler correction. This assumption turns out to be rather good at high and low energy and acceptable at intermediate energy.
A further increase in the granularity can be obtained by considering the pulse shapes of the signals on the electrodes. The rise time of the signal on the (positive) core electrode is determined by the collection time of electrons. Clearly, the closer the interaction to the core, the faster the electrons will be collected and the faster the signal will peak. We define a quantity called the "time to steepest slope" for this signal, which is proportional to the radius of the interaction. The segmentation of the outer electrode provides an additional information. After an interaction in the crystal, electrons move towards the core electrode and holes to the outer electrode. If the electrons reach the core before the holes reach the outer electrode, there will be a net transient charge imbalance, which induces transient signals on the electrodes for the adjacent segments. If the holes arrive at their electrode first, we get a similar transient on the adjacent segments, but of opposite polarity. The relative amplitudes of the transient on the left and right adjacent segments indicates whether the interaction took place nearer to one or the other (See figure 2) .
Tests with a Miniball detector using a collimated source and a scanning table have shown that each segment can be subdivided into about 16 pixels with this method giving two orders of magnitude better granularity compared to unsegmented detectors [7] . The price to be paid for this is that each of the 24 Ge detectors provides 7 signals, a total of 168 channels for the data acquisition system to process for the Ge part alone. In order to place 21 signal channels in each cryostat, smaller cold and warm preamplifiers had to be developed and much effort was needed to eliminate crosstalk, microphonics and noise from these systems. Furthermore, it is no longer sufficient to acquire energies and times, but pulse-shape information is also needed, which means that conventional acquisition systems are inadequate.
DIGITAL ELECTRONICS
The solution to the acquisition problem was found in the form of a commercially available camac module, the DGF-4C supplied by the company XIA, Newark(CA), USA. This single width camac module provides four complete spectroscopic channels, where the signal first passes through an analogue stage with a Nyquist filter and an amplifier with software-controlled gain and offset, before being digitised by a 12 bit 40 MHz sampling ADC (newer versions are 14 bit). From then on, all processing is numerical, first in a field programmable gate array (FPGA) for each channel, which performs filtering and triggering operations and then in a digital signal processor (DSP) for each module and which performs the pulse-shape analysis using DSP code developed specially for Miniball. Times for events are calculated relative to the 40 MHz clock which is supplied from an external module and passed to each DGF-4C. Energies are obtained by filtering in the FPGA and then performing ballistic deficit correction in the DSP. Finally, some parameters to describe the pulse shape are determined in the DSP. The DSP packages up this data into buffers and stores up to 8000 words of data in internal memory which can be read out over the camac bus using fast camac level 1 at 2.5 Mwords/s. In order to overcome the limitations in transfer rates imposed by the CAMAC standard the board has an additional Firewire readout (IEEE 1394) with a maximum transfer rate of 16 Mwrds/s. On-board memory of 4×32k for γ-ray single spectra is available.
A multiplicity bus and readout with adjustable threshold and inputs for first-and second-level triggers make it possible to incorporate the modules in complex coincidence systems. Each event in the DGF-4C is tagged with a time stamp and coincident events in different modules are identified by comparing the time stamps in the offline analysis.
The energy resolution obtained for the Miniball detectors with DGF-4C is comparable or better than the resolution measured with conventional analogue spectroscopy amplifiers.
ANCILLARY DETECTORS
In addition to the Ge detectors, Miniball is equipped with a double-sided silicon strip detector (DSSSD) [8] in the target chamber for detecting charged particles. The readout for the 160 channels of this detector is performed using conventional analogue electronics, so techniques had to be developed to match the data from the analogue electronics to the timestamped digital data. This was achieved by using an additional DGF-4C to acquire the same logic signal that was used to generate the ADC/TDC gates for the analogue electronics. This provided the absolute time, relative to the 40 MHz clock, of the gate, and the relative times between the events in the DSSSD and the ADC gate were recorded with the TDCs. Both the ADCs and TDCs, like the DGF-4Cs, were capable of buffering the data, so that many events could be acquired during each beam pulse. Due to the time structure of the REX-ISOLDE linac operating at 50 Hz, efficient acquisition was obtained by forcing a readout at the end of each beam pulse, so the system was ready to acquire again when the next beam pulse occurred. In Miniball experiments, only the core electrodes were used to generate triggers, with the segment electrodes always being read out whenever the corresponding core triggered.
Miniball also has a parallel-plate avalanche counter which can be used as a trigger or for beam diagnostics and can be read out in single-particle or current-measurement modes. The PPAC has 25 strips in the x-and 25 strips in the y-direction to provide information about the direction of the beam particle after interaction. This is needed to resolve the kinematics of the reaction for the Doppler correction [9] . 
RESULTS
We performed in-beam measurements in inverse kinematics at the Cologne tandem accelerator to test the capability of the position sensitivity for correcting the Doppler broadening. A Miniball Cluster was positioned at 90 o in respect to the beam axis and in a distance of 11cm to the target. The γ emitting recoil nuclei had a velocity of v/c=5.6%. The analysis of a 2.17MeV-transition shows that with a FWHM of about 35 keV before Doppler correction, we can improve this to around 15 keV using just the segment hit pattern and to 10 keV using the full pulse-shape analysis.
The main contribution to the latter resolution is the kinematics of the reaction and was found experimentally to be 7.8keV in good agreement with the calculated value of 7.5keV of a Monte-Carlo simulation. This means for the target detector distance of 11cm, used in the measurement, that an effective detection angle of 5.9 o with segment information and 3.1 o with pulse shape analysis was achieved. This in-beam result confirms the measurements with the collimated source that in fact the pulse shape analysis enhance the granularity of a segment by a factor of 16. Thus the granularity of the complete Miniball phase II with 40 detectors is improved from 240 given by the segmentation to 4000 with pulse shape analysis. From the end of last year until March 2002, Miniball was used in a configuration consisting of 18 detectors mounted in 6 cryostats, for experiments with radioactive decays and stable beams at Cologne University. In figure 4 a cut spectrum on the 1473keV transition in 160 Dy is shown to demonstrate the quality and the low background. Furthermore TABLE 1. Specification of Miniball for different setups. Resolutions of 1MeV γ-rays are given for different recoil velocities and detection angles. 1 .3MeV P Ph gives the efficiency at 1.3MeV and ∆Θ r is the resolution of the effective detection angle.
configuration target distance 1 one notes the low energy threshold of 25keV for a full energy range of 4MeV which enables the detection of X-rays from 160 Dy in coincidence to the γ-rays. In the second example (figure 5) a cut spectrum at 879keV is shown. In the blow-up the 1930keV transition is shown which has 0.05% of the statistic of the strong 728keV transition. Cutting on the 1930keV transition still gives a good coincidence spectrum. The corresponding cutout from the level scheme of 160 Dy is also shown in this figure.
From the experimental data we are able to compile the specifications of the Miniball array. Table 1 shows totalabsorption efficiencies for different target-detector distances and the energy resolution of a 1MeV γ-ray expected for detection angles of 30 o and 90 o and recoil velocities of 5% and 15% of the velocity of light. The effective detection angle ∆Θ r for different target distances are computed from the measured value at 11cm for the 2.17MeV γ-ray whereby the measured value is scaled down for a 1MeV γ to take the lower position sensitivity for lower γ-energies into account. From the results one sees that the experiments at REX-ISOLDE with a typical recoil velocity of 5%c can be performed with an average resolution of 2.7-2.9keV which is close to the intrinsic resolution of the Ge-detector. Even at high recoil velocities of 15%c the resolution is one order of magnitude better than the resolution obtained by scintillation detectors.
Since Easter, Miniball has been in CERN with 24 six-fold segmented detectors in eight cryostats and has been used several times this year for the study of light neutron-rich radioactive isotopes (Na and Mg) following Coulomb excitation and transfer reactions [10] . Analysis of the data is ongoing and the Mg experiments will be performed mid-September 2002. A preliminary spectrum of the d( 25 Na, 26 Na) measurement is shown in figure 6 and a photo of Miniball at CERN is shown in figure 7 .
Following the planned upgrade of REX-ISOLDE to 3.1 MeV/u [11] it will be possible to study radioactive nuclei up to A = 150 at CERN.
The digital electronics proved to be reliable and attained energy resolutions comparable to or better than with analogue electronics. The timing resolution is limited in real time by the 25 ns sampling period, though this is quite close to the intrinsic timing resolution of such large-volume detectors. The software includes a constant fraction algorithm but does not yet interpolate the zero crossing to fractions of the 25 ns tick for the listmode data. Offline analysis of traces acquired with the same modules show that interpolation of the zero crossing yields timing resolutions equivalent to the intrinsic timing resolution of Ge detectors. Tests with a 60 Co source have shown that a time resolution of 15ns between two Miniball detectors can be achieved with an energy threshold of 25keV.
LONG-TERM STABILITY AND FUTURE PLANS
The first of the Miniball detectors have been used in experiments for over two years now and have been shown to be reliable. The use of the same encapsulation technology, as used for the Euroball detectors, has proved essential to the success of the project. Firstly, none of the capsules which passed the initial tests have failed, and have not, therefore, had to be returned to the manufacturer (Eurysis). At the same time, the cold part of the electronics remained accessible, which is necessary due to the complexity of a system with 21 cold FETs in a very limited space. Problems such as crosstalk and microphonics etc. typically occur in the cold part and sufficient performance can only be achieved if this part is accessible when the detector is warm. Furthermore, the AC-coupled FET of the core electrode is particularly vulnerable to discharges of the high voltage. Whenever such problems occurred, it was always possible to open up the cryostat and replace the FET without breaking the vacuum of the capsule containing the Ge crystal and without having to send the detector back to Eurysis. It was always possible for experienced personnel to perform on-site maintenance.
Future plans for tracking arrays such as AGATA and GRETA will have more highly segmented detectors than the Miniball clusters, requiring an even denser packing of the electronics. Experience with the Miniball detectors has clearly shown that with a large number of FETs which have to be closer to the high voltage than for conventional detectors, reliability can only be achieved through encapsulation of the Ge crystal. Furthermore, the proximity of a great many channels results in many constraints in order to avoid crosstalk problems.
The results of the pulse shape analysis have shown that the position sensitivity of a Miniball detector is limited by the geometry of the detector and the lack of a higher segmentation especially in the depth but not by the quality of the detector signals itself. Thus, this gives a very optimistic view for the feasibility of future γ-ray tracking spectrometers.
